Initial results of a research and development effort on a positron camera utilizing 48 x 48 cm multiwire proportional chambers for detecting the annihilation photons that follow positron decay are described. These photons are detected in the chambers by the photons' interaction with specially configured lead converters placed in close proximity to the chamber wire planes, and the coordinates of the interactions are localized by delay line electronics. A spatial resolution of 6 mm FWHM and a resolving time width of 
Introduction
Positron emitters offer a number of advantages for imaging in nuclear medicine. Their useful characteristics for imaging are that the annihilation of the positron produces a monochromatic 511 keV spectrum and detector parameters can be optimized for The Positron Camera Figure 1 shows a schematic representation of the positron camera. Four MWPC's are used, two on each side of the object. Because the conversion efficiency for 511 keV gamma-rays in the chamber gas (a mixture of argon and methane at atmospheric pressure) is negligible, each MWPC is coupled to specially configured lead converters. Spatial coordinates are obtained by the delay-line method, and a small computer is used for data acquisition, processing and display. Figure 2 shows the complete system. The various components of the positron camera are discussed below:
Detectors
Four 48 x 48 cm2 MWPC's, two on each side of the object, are used. The average separation between chambers is 56 cm, realizing a geometric acceptance of 28% for a point source at the center of the field of view. In the horizontal midplane, the geometric acceptance drops to 46% of maximum at the edge of an approximately circular region of 30 cm diameter. This loss is smaller for off-median planes.
The MWPC's are described in reference 5. Coordinate readout is effected by the delay line method.6
With the present delay lines, dead-time is approximately 2 psec. Delay lines under construction will decrease the dead-time to 1 psec, with negligible change in MWPC intrinsic spatial resolution, which is presently about 3 mm.
Lead convertersT
To obtain adequate detection efficiencies, specially configured lead converters have been coupled to the MWPCs. The converters increase the surface area of the detector per unit volume. Converters that consist of four layers of a lead honeycomb are employed.5 Each layer is electrically isolated from the other, and a drift field is applied between them to extract the ionizatio?i electrons produced by the conversion electron ( Figure 3) . A disadvantage of this approach is that, because of the varying distance from the cathode to the cell depth where ionization can be deposited, differing drift time results. This degrades time resolution even when using the 70% Argon and 30% Methane gas mixture which has optimal drift time.7 On the other hand, these converters have the additional beneficial effect of improving spatial resolution by limiting the range of most conversion electrons to the cell size. Figure 4 shows the timing curve obtained between a single-converter MWPC and a NaI crystal. Notice the four distinct peaks from ionizations arising from each honeycomb layer. Note also that the conversion process involves a degradation of energy resolution, and voids the possibility for pulse-height analysis of detected events. Figure 5 shows the resolving time for the full operating system.
We have previously documented efficiencies of the order of 2.5% for a single converter. 5 Presently, each chamber is coupled to one converter, which] should yield a detection efficiency of approximately 5% per side. An additional converter will shortly be added to each MWPC further improving efficiency. Since the detection process is symmetric, a conversion efficiency of approximately 10% on each side would be estimated, but because of the converter shielding effect and the multiple-interactions rejection-circuitry, the effective efficiency will be lower. In the present configuration, the average detection efficiency of each converter is 1.7%, and the efficiency on each side anticipated with the above changes will be of the order of 6.8%.
Electronics
The delay-line electronic readout package is a CAMAC version of previously discussed circuitry. where G is the geometric acceptance (0.28 in this case) and e is the effective detection efficiency on each side of the imaging subject.
From equation 1 and response data for F-18 sources (which include the effects of attenuation by the 2.5 mm aluminum entrance windows on each MWPC), we find S = 675 counts/min-vCi, and an effective detection efficiency for each side of e = 3.4%. Figure 6 shows experimental results obtained by imaging a point source and by accepting as on-target all events within a 1 cm2 region around the source, and as off-target all other detected events. The off-target events have a small contribution from accidentals (i.e., events produced by detection of two uncorrelated annihi:lation photons arising within the resolving time of the detector). This contribution is small, and is given by the expression: A = 82.14 G2e2N2 T counts/min.
(Eq. 2)
where A is the accidentals rate, T is the coincidence gate width in nanoseconds, and N is the source activity in uCi. For an activity of 30 pCi, the total count rate is approximately 20K counts/min, and the accidentals rate found from equation 2 is A = l.8Kcounts/min. This is corroborated by measurements obtained where one pair of detectors are delayed by approximately 1 psec with respect to the other pair. This accidentals rate is far below the off-target event-rate, which for a 30 pCi source-strength is 9K counts/min. The source of offtarget events has not been defined. No doubt, multiple scattering in the windows and converters are contributing factors. In this case, pulse-pile up rejection electronics for each delay-line will be investigated as means of alleviating the problem. The total count rate shows a deviation from linearity in the region where dead-time effects due to the delay-lines and to data transfer rate limitations become apparent.
The effects of scattering material in the path of the annihilation photons have been investigated. Data are shown in figure 7 . While the total count rate drops exponentially, as expected, the rate of on-target to total count rate drops more gradually. The energy resolution capabilities of a scintillation camera would not significantly improve this situation. This can be seen as follows: for 511 keV photons the major interaction mechanism in tissue is Compton scattering, which at this energy shows a high degree of forward peaking. At 511 keV, a 15% energy loss (which would be accepted by the usual scintillation camera pulse-height window) corresponds to scattering through 35 degrees. Thus, most scattered events are accepted by both the MWPC and scintillation oositron cameras.
Using Cu-64 line sources (E 656 keV), spatial resolution of 6 mm and 7 mm FWHM are+found for sources embedded in 1.25 cm and 10 cm of lucite, respectively (Figure 8) . Thus, scattering has relatively small effect on both signal-to-noise and spatial resolution, and the lack of energy resolution in the MWPC's does not significantly alter the performance of the system.
Early Imaging Experience
The following images obtained with the MWPC positron camera demonstrate the capabilities of the system (no field uniformity correction or digital processing have been performed on these images). Figure 9a shows the image of a 1.5 cm diameter Cu-64 ring. Figure 9b demonstrates two Cu-64 wire sources separated by 1 cm. Figure 10 shows on-and off-fOcus
The sensitivity S, axial and tomographic views of two Cu-64 point-sources separated by 10 cm. Figure 11 shows tomographic reconstruction-of the upper body of a dog labeled with F-18.
Concl usion
The MWPC positron camera is a low cost device with a sensitivity of 675 counts/min-pCi, a spatial resolution of 6-7 mm FWHM, and a maximum count-rate of 20K counts/min. Operation with a total of eight lead converters will approximately quadruple sensitivity, and modification of the delay-lines will reduce detector dead-time. Image processing techniques suitable for this camera are now being developed and extensive testing with animal models and humans has been initiated. 
